The Video Scanning hart ma^ Optical Tester (VSHOT) is a slope-measuring tool for large, imprecise reflectors. To study the accuracy of VSHOT as well as its sensitivity to changes in test setup variables, a series of experiments were performed with a very precise, astronomical-grade mirror. The slope errors of the reference mirror were much smaller than the resolution of the VSHOT, so that any measured slope errors were caused by the instrument itself rather than the mirror. The VSHOT exceeded its accuracy goals by achieving about io.5% (68% confidence) error in the determination of focal length and B.1 mrad (68% confidence) error in the determination of RMS slope error.
INTRODUCTION
The Video Scanning Hartmann Optical Tester (VSHOT) is a slope-measuring tool for large, imprecise reflectors. It is a laser ray trace device developed to measure the optical quality of point-focus solar concentrating mirrors. A unique tool was needed because of the diverse geometry and very large size of solar concentrators, plus their large optical errors. Designers usually seek the lowest cost mirror design with root mean square (RMS) slope error of less than 2.5 milliradians (mrad). Additionally, a device was needed that provides the input values required by computer codes that predict flux distributions (e.g. CIRCE, OPTDISH). Many popular optical evaluation tools are unable to meet these aforementioned criteria. For example, interferometers are best suited for measuring optical errors orders of magnitude smaller than are present in solar concentrators. h e r ray trace systems for solar concentrators have been under development for many years at the National ' Laboratories and have the advautage of measuring slope directly. This is inherently better than deriving slopes from surface shape measurements. An early example is a system developed at Sandia National Laboratories for measuring line-focus (trough) concentrators (Hansche, 1978) . The VSHOT is based heavily on the SHOT system (Wendelin et. Al, 1991) developed at the Solar Energy Research Institute, now the National Renewable Energy Laboratory (NREL). The VSHOT was developed by SunLab, a partnership between Sandia and NREL. The name VSHOT credited the origin of the system, with the addition of the "V" highlighting the use of a monochrome, 8-bit CCD video camera, one of numerous functional improvements in the new system. In the interests of brevity, and since the fundamental concepts remain the same as described previously for the SHOT, only a short system description will be provided here.
Target
Distance From Vertex to Target - predefined pattern across the surface of the mirror to be tested, at each point measuring the slope. Once testing is complete, a polynomial description of the surface of the fonn
is fit to the measured slope data. In this equation, k is the order of the fit and the Ax and Ay terms compensate for the positioning of a mirror's vertex at a location off &e optical axis of the VSHOT. Hi&order fits are possible, bu_t a 2"a-0rder fit is often used in order to determine the mirror's error from the ideal parabolic shape of a point-focus solar concentmtor. For a mirror located on the optical axis, the 2"d-order equation becomes
This Zernike-type polynomial has the advantage that the coefficients relate in simple fashion to key optical parameters. The tilt of the of the mirror in each direction with respect to the optical axis is tilt X= arctan (Bip), tilt yarctan(Bi,i)
The focal length in each direction is
The focal length and RMS slope error from the 2* order fit are the key output parameters. The RMS slope error,
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where Rx and R, . are the x-and y-direction slope error from that predicted by the fit at each point. RMS sometimes called sigma, is often used as a fi,we-of-merit for concentrator quality, and must be presented together with the focal length to have meaning. For example, a mirror with an excellent RMS slope error of only iO.05 mrad and focal length of 250" is a poor mirror for a system designed for a 200" focal length.
The initial design targets for the VSHOT were accuracy of better than k5% in focal length and M.25 mrad in R M S slope error (preferably M. 1 mrad). This study was intended to investigate both the measurement accuracy and sensitivity to changes in test setup variables. It has an advantage over a prior study of the SHOT accuracy that used relative comparisons (Wendelin et. Al, 1995) because the use of the high-quality, astronomical optic provided an absolute measure of accuracy as well as the desirable situation that the measured errors were known to be caused by the VSHOT instrument itself rather than the test mirror. Figure 2 shows the VSHOT coordinates in (a) two dimensions and (b) three dimensions. For a perfect mirror, which the mirror for this study approximates, error in the measurement of the slope, J3, at each point, P, may be causec3y I an errors in any one of three parameters: 1) the outgoing angle, a, of the laser scann~, 2) the location of the return spot, H, and 3) the distance between the laser source and the vertex of the mirror, S. The accuracy and repeatability of the VSHOT does change with the geometry of the experimental setup. However, the results of this study are representative of typical test conditions for prototype solar concentrators. 
i'
The reference value of the 16" diametertest article's focal length was measured independently using the Foucault knife-edge test as described by Ojeda-Castaiieda (1992 (RMS) and then excluding points with error vector:P@tude greater than 3 standard deviations -2); with the number of points excluded (# pts omit) also listed. RMS2 is of interest in this study because it is a more conservative measure of changes in measured slope error caused by the test equipment. Statistics predict only 3 of 1000 points should meet this criteria for omission if all measurements are from the same population. Please note that Rh4S2 is calculated from the best fit generated using all the data points.
The baseline tests, runs 8-17, were ten experiments performed sequentially with no changes in the test setup. Run 0 is the average of the results from the ten baseline tests and is used frequently in the remainder of this paper. It is sometimes referred to as "the baseline." With the sole exclusion of run 8, the baseline tests exhibited an unexpectedly high number of outlier error vectors. As mentioned previously, statistics suggest that these points were not from the same population as the others. Figure 3 is a vector error plot produced by the VSHOT from run 10 that illustrates the non-normality of these outlier points. The remainder of the population has a characteristic CCW rotation caused by imperfect alignment of the video calibration target. This behavior was also seen in runs 18-22. In run 22, background lighting changes due to nearby welding and open widows were specifically noted by the operator..
There was no conclusive explanation for this effect, but since runs 8-22 were all performed on a different day from rest of the tests, a leading theory was that background lighting changes may have afTected most of the runs on that day,notjustrun21.
The effect of these unexplained outlier points on this study was to increase the variation of the results, most extensively the RMS slope error. Despite this fact, the variation observed was very small and will be discussed later.
The inclusion of the RMS2 metric also serves to exclude the impact of these outlier points.
SYSTEM ACCURACY "
The VSHOT proved to be quite accurate as evidenced by Table 2 which lists the average accuracy results from the baseline tests and from all tests. Two types of error afflict measurement systems: random (repeatability) and bias error. The repeatability of the VSHOT is best described by the standard deviation of the results from the baseline tests. However, the bias error is best described by effects of many different test setups. These errors will each be discussed for the two key outputs: focal length and figure-of-merit RMS slope error.
The focal length measured by the VSHOT, F, , is the average of Fx and Fy. The repeatability of this measurement was 39.02%. The bias error in F changes every time the experimental setup changes but can be represented by the results from all 37 runs here in the simplified form of a mean and standard deviation: 0.24% & 0.45%.
In the determination of the mirror's RMS slope error, the repeatability of the VSHOT is 0.024 mrad. However, if lighting irregularities did indeed as speculated cause the outlier points seen in Figure 4 , the RMS2 standard deviation from the baseline tests, 0.003 mrad, may be a better representation of the system's repeatability. The accuracy (any deviation from 0 is an error) is again represented in simplified form by the mean and standard deviation from all runs:
0.095 mrad * 0.078 mrad.
As is evidenced by these results, the repeatability of the VSHOT is excellent. In general, the accuracy of the VSHOT is also very good with an average of almost 0.2% error in focal length and 0.1 mrad error in Rh4S slope error. However, the large standard deviations about the mean accuracy values indicates significant variability across runs. The next section discusses the effect of different test setup variables on the results. -.
FIGURE 3. VECTOR PLOT OF RESIDUAL FIT ERRORS FROM Z~~-O R D E R FIT OF RUN IO

SYSTEM SENSITIVITY
The accuracy results presented in the previous section indicated that significant variation was observed over the many tests performed. This section discusses in greater depth the sensitivity of the results to changes in the experimental setup. Table 3 shows the effect of numerous changes in the experiment setup on the VSHOT outputs. For each variable examined, one or more comparisons are presented. An effort has been made to focus on comparisons where only one test setup variable was changed at a time. As was done previously (Wendelin et Al., 1991) , the value E2 was calculated to determined the changes in the fit coeficients. For the comparison of 2"d-order fits of run A and B,
E2 = ((J~~(A)-BZ~(B))~ i -(B~I(A)-B~~(B))' +(B22(A)-B22(B))2 )In
The offset and tilt terms (Boo, B~o, BIZ) are omitted from the calculation because these describe the offset and tilt of the mirror, a function of the experimental setup, not the surface shape of the test article. Additionally, Table 3 lists the percentage change of F,, F,, RMS, and RMS2 due to different test setup variables. RMS2 is the root mean square error excluding outlier points with slope error greater than 3 standard deviations for that fit. Two questions must be answered in evaluating the sensitivity study results: 1) are changes statistically significant, and 2) are changes meaningful. To address the former, asterisks have been placed next to all changes that are statistically significant as defmed by having greater than 3 standard deviations difference from the to run which it is compared. The standard deviation used for all comparisons was calculated from the repetitions of the baseline tests. The importance of statistically significant changes will be addressed below when discussing individual test setup variables.
Test Pattern
The test pattern is described by interrelated parameters. First is the boundary geometrical definition. This, combined with the spacing of the points determines the total number of points. Finally, there is a Boolean variable that determines if the point locations are randomized about the standard Cartesian grid. Randomization is useful in measuring optical errors with a feature size similar to the grid spacing. Because of the precision of the optic, no such errors were expected and this feature was used in run 21 only to determine its measurement sensitivity. The only change in the test pattern that was found to be statistically significant in this test was reducing the size of the circle boundary from 15.4" to 15.3" (this also caused a small reduction in the number of points from 188 to 180). This slightly improved the slope errors measured in R M S and RMS2 as would be expected because there was less chance of a portion of the beam missing the mirror's edge or striking a defect located there.
Mirror Rotation and Tilt
Neither of these factors proved to be statistically significant. The tilt of the mirror, 0.58" for run 27 and 0.78" for run 28, was modeled correctly by the fit to approximately f5%, only slightly more than the predicted f 2% (95% confidence) uncertainty of the measured values. 
Combined Offset and Tilt
This was by far the largest error producing test variable, and a correlation between the distance the mirror was moved from the optical axis and the error was seen. In run 29, the mirror was moved 24" or 10.6" to the right and tilted 5.3"
to center the retum pattern on the source spot (the middle of the target). Even for this worst case, the resulting effect on measurement error was still moderate-on average less than -2% in F, . The IiMS slope error was 260% larger for a total of 0.32 mrad. The error vector plot had the characteristic CCW rotation seen in most tests and visible in Figure 3 , but with larger slope errors. The cause of this is not known for certain, but it is believed that the imperfect alignment (rotation specifically) of the video calibration target may cause larger errors the further the test article is placed from the optical axis of the system.
The tilt of the mirror was again determined very accurately by the system, this time less than 2% for both runs 29 and 30. Another interesting result is the error caused by performing the second-order fit with 0" X and Y offsets rather than the correct 24" and 9" offsets. This mistake could easily happen, as the author can himself attest, when performing the fit at a later date. The results of this test are labeled runs 29b and 30b. These are the only runs to have statistically significant differences in the metric Ez. Surprisingly, the results from this fit for focal length are well within the systems repeatability, and for RMS and RMS2 the results are just beyond the 3 standard deviation cutoff. However, the fit incorrectly calculated the tilt of the test articles in this case with 160% and 99% error for runs 29b and 30b respectively. The code will be improved to make it more difficult for an operator to accidentally make this mistake in the fitting process.
Rewsitioning of the Mirror
Repositioning of the mirror at approximately the same distance, S, from the target and with no intended changes in other test variables led to statistidy significant changes in the focal length but not the RMS or RMS2 slope errors.
However, these error were very small, less than 0.2%, and are not deemed meaningful.
Svstem W~IIII-UD Time and Environmental Temperature
There was concern that certain components such as the laser, the camera, and in particular the scanner would be sensitive to temperature and warm-up time. To address the warm-up issue, runs 33 and 34 were performed in succession after turning the system on for the fmt time that day. The result was statistically insignificant. hother concern was the effect of ambient temperature on the scanner. Manufacturer information indicated that a drift in gain and offset values of 20 urad°C typical and 50 urad/"C worst case was to be expected. Since ambient temperature was not controlled, its effect On the measurements was generally confounded with the other variables. However, temperature was carellly monitored during the baseline tests, and no correlation with measurement error was found.
Mirror to Target Distance. S Three distinctly different values for S were tested in this study, all larger than the radius of curvature (2F). This spread out the return spot pattern so it filled a larger portion of the target. The effect of changing S on the measurement focal l en, @h was statistically significant and of similar magnitude to repositioning the mirror. Again this was deemed negligible. However, when S was reduced as in runs 37 and 38, so did RMS2.
This interesting effect is believed to be caused by scanner positioning uncertainty. Referring back to fi,gxe 2a, as the distance S approaches 2F, the error in the measurement of p due to an error in a decreases for a perfect mirror. At the limiting case for a perfect mirror with S = 2F, any error in alpha is permissible so long as the beam strikes the mirror because all return spots will land on the source.
Camera Location and Zoom
The camera was repositioned and the video calibration repeated to test the effect of camera location on the VSHOT output. Changes were found to be statistically significant and second in magnitude to the combined offset and tilt effat. Again, the effect on focal length was negligible, but meanin@ for RMS and RMS2. Runs 42 and 43 had a change of -75% (-0.23 mrad) and 40% ( -0.05 mrad) in RMS and RMS2 respectively. Run 39 differed significantly from run 38 in RMS2. When view in percentage, a%, this seems large, but it was only a change of 0.018 mrad.
The cause of the camera location induced errors is unknown, but will be investigated.
other
In some cases, more that one test variable changed simultaneously. Run 4 1 is an example of this because both the camera and the mirror were moved. While the focal length error was again small, the RMS and RMS2 slope errors
were very large at 0.398 and 0.155 mrad respectively. This error seems larger than one might expect from the individual effects of camera location and repositioning. It is possible that a problem with the video calibration procedure caused these results. Runs 43 and 44 with combined mirror position, camera location, and test pattern changes showed statistically significant effects.
CONCLUSIONS
This study was successhl by providing both the measurement accuracy and sensitivity of the VSHOT and also identifying areas for further investigation. On average the VSHOT measured the reference mirror's focal length with +OS% (68% confidence) error and its RMS slope error with M. 1 mrad (68% confidence). It is recommended that mirrors be positioned on the optical axis of the VSHOT, at a distance near 2F to achieve the most accurate results. To predict measurement uncertainty for different test setups and help explain some errors measured in this study, the development of an analytical uncertainty model is recommended.
